• Synthesis of Cu-Al 2 O 3 nanocomposite powder via thermochemical method • CuAlO 2 and CuAl 2 O 4 phases can be formed in thermochemical method • Most of the Al 2 O 3 particles are in the range of 20-50 nm • Alumina can be formed during the oxidation heat treatment at temperatures higher than 800 °C • The morphology of Cu and Al 2 O 3 phases are dendritic and round, respectively Abstract Synthesis of Cu-Al 2 O 3 nanocomposite powder through a thermochemical method from the water solution of copper nitrate (Cu(NO 3 ) 2 ⋅3H 2 O) and aluminum nitrate (Al(NO 3 ) 6 ⋅9H 2 O) is studied in this research. X-ray diffraction (XRD), scanning electron microscopy (SEM) and transmission electron microscopy (TEM) were used to characterize the synthesized powder. The XRD results show that the γ-Al 2 O 3 phase begins to form at the temperature ≈800 °C during the heat treatment process. The SEM micrographs proved that the nanosized Al 2 O 3 particles are homogenously dispersed in the copper matrix. The XRD results also show that the disappearance of CuO peaks after performing a reduction chemical reaction at temperatures above 800 °C in hydrogen atmosphere indicates that such chemical reaction at temperatures above 800 °C is required in order to achieve Cu-Al 2 O 3 nanocomposite powder.
It is known that introducing finely dispersed ceramic particles, especially nanoparticles, into a metallic matrix improves the mechanical properties (including hardness, strength and wear resistance) at elevated temperatures [1] [2] [3] [4] . Despite these advantages, utilizing ceramic particles to reinforce a metallic matrix is not free of downsides and negative points such as decreasing the electrical and thermal conductivity of the metallic matrix.
Oxide dispersion-strengthening has been identified as an effective method to increase the strength of copper and its alloys without considerably decreasing their electrical and thermal conductivity [5] . Amongst ceramic particles, alumina is a common dispersoid because of its good properties such as high toughness, hardness and melting point and its low density [5] .
Cu-Al 2 O 3 nanocomposites can be produced in different ways, which include chemical and mechanical methods [6] [7] [8] [9] . Undoubtedly, each of these methods has its advantages and disadvantages. One of the main disadvantages of the chemical method, internal oxidation, is the non-homogeneous distribution of the oxide particles, which adversely affects the mechanical and electrical characteristics of Cu--Al 2 O 3 composite [10] . On the other hand, although mechanical methods overcome such problems, they have shown contamination [10] . Hence, utilizing a thermochemical method to prepare Cu-Al 2 O 3 is preferred because high purity and complete homogeneity of dispersed oxide particles in the matrix can be obtained.
The aim of this work is to study the synthesis of Cu-Al 2 O 3 nanocomposite powder through a thermochemical process. The prepared powders are characterized by means of X-ray diffraction (XRD), scanning (SEM) and transmission electron microscopy (TEM).
EXPERIMENTAL
The proposed thermochemical process consists of the following stages: 1) Making the water solutions of copper nitrate (Cu(NO 3 ) 2 ⋅3H 2 O) and aluminum nitrate (Al(NO 3 ) 6 ⋅9H 2 O). The weight ratio of the mentioned salts was set according to obtain the final product of Cu-5 wt.% Al 2 O 3 .
2) Preparation of precursor powder by heating the water solutions for 1 h.
3) Salt-removing heat treatment of precursor powder at 400 °C for 3 h in air atmosphere (in order to remove water and NO 3 components).
4) Oxidation heat treatment to form alumina at temperatures ranging from 700 to 850 °C for 1 h in air atmosphere.
5) Reduction chemical reaction of the powder in H 2 atmosphere at 820 °C for 1 h to produce the final Cu-Al 2 O 3 nanocomposite powder.
The obtained powder was analyzed with an X--ray diffractometer (JEOL-JDX8030) using CuK α radiation (λ = 0.1504 nm). DTA/TGA analysis was performed using a dilatometer (Netzesch-402E). According to DTA/TGA results, the salt-removed powder (at 400 °C for 3 h) was heated at 1100 and 1150 °C for 1 h in order to study the phases formed at those temperatures. Scanning electron microscopy was utilized to investigate the microstructure of the produced powder and establish whether the nanosized Al 2 O 3 particles have been formed in the thermochemical process.
RESULTS AND DISCUSSIONS
X-Ray diffraction analysis Figure 1 shows the X-ray diffraction patterns of the precursor powder containing 5 wt.% Al 2 O 3 after removing moisture and NO 3 components at 400 °C for 3 h. According to Figure 1 , there are only reflects of copper oxide (CuO) indicating that the moisture and NO 3 components have been appropriately eliminated. In fact, when the salt is removed in the air atmosphere, the almost pure copper is changed into the copper oxide. Since no alumina crystalline peak is detected after the salt-removing process, which means alumina was not formed or the size of crystalline alumina is not large enough to be detected by XRD, it is concluded that the diffusivity of the oxygen of the air into the precursor powder is very low at 400 °C. Therefore, a second heat treatment in the air atmosphere at a higher temperature is required to form stable alumina crystals. Figure 2 illustrates the XRD patterns of the saltremoved powder after heating at 700, 750, 800 and 850 °C for 1 h. According to Figure 2 , detecting the single phase of γ-Al 2 O 3 peaks shows that the γ-Al 2 O 3 phase begins to form at ≈800 °C. This means that the activation energy for the formation of the alumina nuclei and growth during the air heat treatment can be overcome at temperatures higher than 800 °C. Figure 3 illustrates the DTA/TGA curves of the salt-removed powder (at 400 °C for 3 h). DTA analysis shows two endothermic peaks at ≈1030 and ≈1140 °C. The former is accompanied by 8 mass% decrement. That decrement in mass amount represents the reduction of the powder. The latter endo- thermic peak indicates the slight increment in the mass amount. The increment shows that after the reduction process at ≈1030 °C the oxidation process occurred at ≈1140 °C. XRD Patterns of the salt-removed powder after heating at 1100 and 1150 °C for 1 h are shown in Figure 4 . Detection of Cu 2 O as a result of reduction of CuO phase reveals the mass decrement at ≈1030 °C. In accordance with the literature, this peak corresponds to the third phase, Cu x Al y O z , which appears in the structure due to the eutectic reaction of (Cu + + Cu 2 O) with Al 2 O 3 . The formation of this phase is thermodynamically possible at Cu-Al contact surfaces. During the eutectic joining of copper and Al 2 O 3 , the eutecticum formed by heating to the eutectic temperature expands and reacts with Al 2 O 3 also forming Cu x Al y O z , which is compatible with both phases on the inter-surface [11, 12] . The formed third phase influences the nature of the dislocative structure and, therefore, the improvement of the mechanical properties and achievement of a good combination of mechanical and electrical properties of the sintered systems [12] . Furthermore, with respect to formation of CuAlO 2 ( Figure 4 ) and Eq. (1) [13] :
it is concluded that Al 2 O 3 phase is formed at temperatures lower than 1030 °C. On the other hand, the XRD pattern of the powder after heating at 1150 °C (Figure 4b ) contains CuAl 2 O 4 peaks indicating the increment in the mass amount shown in Figure 3 is related to oxidation of CuAlO 2 into CuAl 2 O 4 . Figure 5 shows the TEM image of oxide powder after heat treatment at 850 °C. Since the XRD pattern shown in Figure 2d indicates that the CuO phase is in the major phase in the sample, it is concluded that the small spherical particles (shown by circles) in the TEM image correspond to Al 2 O 3 .
In order to achieve Cu-Al 2 O 3 composite powder, the heat-treated powder at 850 °C for 1 h was reduced in hydrogen atmosphere at different temperatures in the range of 500-900 °C. According to Figure 6a, CuO phase still remains after performing the reduction process at 800 °C. CuO appears in the structure due to incomplete reduction. However, the reduction process is properly performed at tempe- ratures above 800 °C and the CuO peaks completely disappeared at 820 °C (Figure 6b ) to achieve the desired structure without oxides. 
SEM Analysis
SEM Micrographs of the reduced powder at 850 °C are shown in Figure 7 . Agglomeration of finer particles is a consequence of their large surface, i.e., high surface energy and an effect of bonding forces between them. Due to contacts between particles, inter- atomic bonds were introduced. The magnitude of those bonds depends directly on the surface energy of particles. Taking into account appearance of agglomerates, a particular attention will be paid in future research to production of non-agglomerated powders, where the surface-active agents will be used for deagglomeration. Nowadays, applications of polyethyl- eneglycol and ultrasonification [11, 12] are under consideration. Since the majority of the phases of the sample is Cu and the dominant morphology of the powder is dendritic (Figure 7a ), it is obvious that the dendritic morphology belongs to the Cu phase. Furthermore, according to the EDS analysis results (Figure 7c) , the round particles shown in Figure 7b počinje sa formiranjem na temperaturi od oko 800 °C tokom procesa zagrevanja. Proučavanje SEM mikrografa pokazuje da su čestice Al 2 O 3 nano-veličine homogeno dispergovane u matrici bakra. XRD rezultati pokazuju, takođe, da nestajanje CuO pikova nakon hemijske reakcije redukcije na temperaturama iznad 800 °C u atmosferi vodonika ukazuje na to da je ova reakcija na temperaturama iznad 800 °C neophodna da bi se formirao Cu-Al 2 O 3 nanokompozitni prah.
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